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D.2.3.3 NUKON Insulation 

NUKON insulation is a glass fiber insulation that is planned for use in areas of the 

reactor coolant system where reflective metal insulation (RMI) is not practical.  The 

NUKON material used for chemical effects testing was procured as safety related.  The 

material was supplied as a large woven mat.  For the purposes of testing, samples of 

the insulation were extracted from the mat and heated in air at approximately 600ºF for 

24 hours in order to decompose the binder on the fibers.  After the heat treatment, the 

fibers were shredded and weighed prior to testing.  A total of approximately 0.48 g of 

heat-treated NUKON fibers were loaded into the autoclave vessel for testing.   Figures 

D.2-2 and D.2-3 are photographs of the NUKON material before and after heat 

treatment.  Figure D.2-4 shows an example SEM micrograph of NUKON fibers prior to 

testing.     

Figure D.2-2  NUKON Insulation before Heat Treatment 
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Figure D.2-3  NUKON Insulation after Heat at 600ºF for 24 Hours 

 
 

Figure D.2-4  SEM Micrograph of NUKON Fibers before Testing 

 

The test plan called for the inclusion of 0.04 ± .01 g of untreated NUKON and 0.10 ± 

0.01 g of heat-treated NUKON.  However, due to a departure from the test plan when 

selecting the containers for loading the autoclave, no untreated NUKON was loaded in 
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the test.  Instead, two containers of heat-treated NUKON fibers, totaling approximately 

0.48 g, were loaded into the test vessel.  With the exception of increasing the total mass 

of NUKON insulation in the test, the use of only heat-treated NUKON fibers is not 

expected to significantly affect the test conclusions.  The omission of the untreated 

NUKON from the test is not detrimental to testing because the binder is not expected to 

react in the post-LOCA IRWST conditions.  However, the deviation in the mass of 

NUKON loaded is considered when evaluating the silicon releases from the test.     

D.2.3.4 Microtherm™ 

Microtherm microporous insulation is a type of non-RMI insulation planned for use in the 

U.S. EPR containment.  This material is a finely-divided power composed of amorphous 

silica and titanium dioxide contained in a woven fiber blanket.  Approximately 2.6 grams 

of this material were included in the autoclave testing.  Because the woven blanket is 

likely to tear as a result of a LOCA, a section of the blanket was cut apart and the loose 

fiber and power were loaded into the autoclave.  Optical and SEM micrographs of the 

pre-test material are shown in Figure D.2-5, Figure D.2-6, and Figure D.2-7.  The 

chemical composition of a sample of Microtherm is provided in Table D.2-4. 

Table D.2-4  Elemental Composition of Microtherm Powder by EDS 

Element Weight % Atomic % 
C 25.18 34.28 
O 52.88 54.05 
F 0.85 0.73 
Al 0.12 0.07 
Si 15.41 8.97 
Ti 5.39 1.84 
Fe 0.06 0.02 
Cu 0.11 0.03 

Totals 100.00 N/A 
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Figure D.2-5  Optical Micrograph of Microtherm on SEM Sample Stub 

 

Figure D.2-6  SEM Micrograph of Microtherm Insulation Prior to 
Testing 
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Figure D.2-7  SEM Micrograph and EDS Spectrum of Microtherm Prior to 
Testing 
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D.2.3.5 Latent debris 

To simulate various sources of latent debris in the containment building, the chemical 

effects test also included small quantities of sand, sodium-form bentonite powder, and 

pulverized concrete.  These materials were not expected to significantly affect the 

chemical loading.  However, they were included for completeness.  The sand and 

bentonite were procured as commercial grade.  Material dedication was not performed 

on these materials.  The concrete was taken from the waste material generated from 

fabricating the concrete coupon for the test.  Approximately 0.54 grams of particulate, 

split approximately equally between the three components, were loaded into the 

autoclave test vessel. 

D.2.3.6 Autoclave Loading Summary 

To simulate the IRWST environment following a design-basis LOCA, the chemical 

effects autoclave was loaded with a variety of potential debris materials.  To ensure 

adequate contact between the debris materials and the test solution, the debris was 

distributed onto a support structure constructed of stainless steel. 

The concrete coupon was attached to a flat plate with a section of lockwire.  The five 

exposed sides of the concrete coupon were sized to provide the appropriate surface 

area for leaching.  Because the aluminum coupon was sized to be exposed on all sides, 

it was mounted onto the side of the internals using a plastic screw and washers to 

ensure electrical isolation from the internals. 

The Microtherm and latent particulate debris were each distributed onto supports 

fabricated from 80-mesh stainless steel screen.  In order to minimize their distribution 

into the solution, while still allowing for adequate solution contact, the trays were loosely 

covered with 40-mesh stainless steel screen.  The 40-mesh screen had an open area of 

approximately 50% to allow for solution contact. 
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The NUKON insulation was distributed in the center of the base plate of the internals.  

The NUKON was contained in a shallow well supported by a perforated metal screen / 

plate.  Fluid contact in the area is provided by circulation due to the recirculation pump 

suction being located in the autoclave lower head. 

A summary of the autoclave debris loading is provided in Table D.2-5.  A photograph of 

the assembled and debris loaded autoclave internals is provided in Figure D.2-8. 

Table D.2-5  Summary of Autoclave Debris Loading 

 

Debris Material Surface Area (in2) Mass (grams) 

NUKON Fibers −−− 0.4812 

Microtherm Insulation −−− 2.5925 

Aluminum Coupon 2.0334 2.4013 

Concrete Coupon 5.238 42.5273 

Latent Particulate −−− 0.5388 
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Figure D.2-8  Assembled Autoclave Internals  
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D.2.4 Test Results 

D.2.4.1 Test Solution Chemistry 

Periodically throughout the test, samples of the recirculating liquid were drawn from the 

autoclave and analyzed for chemical constituents.  These samples indicate the 

leaching/dissolution of the debris materials with time and temperature.  The following 

sections summarize the analytical results of the solution samples. 

D.2.4.1.1 Solution pH 

The measured pH of the initial boric acid solution prepared for the test was 

approximately 4.45.  This is consistent with the pH expected from a boric acid solution 

with a boron concentration of approximately 2,800 ppm.  Once recirculation of the 

solution through the TSP basket commenced, the solution pH began to increase to 

approximately 7.3 over the next two hours.  Thereafter, the solution pH remained 

constant for the remainder of the test. 

A trend for measured pH values and temperatures is provided in Figure D.2-9.   
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Figure D.2-9  pH and Temperature Trend for Chemical Effects Test 

 

D.2.4.1.2 Boron, Sodium, and Phosphorous 

The simulated IRWST solution contained boron, sodium, and phosphorous as additives.  

The boron was added as boric acid to simulate the shutdown boric acid condition for the 

U.S. EPR  plant.  In addition, trisodium phosphate dodecahydrate was added to the test 

as a pH buffering agent, which resulted in a significant concentration of sodium and 

phosphorous.  As expected, each of the additive species remained relatively constant, 

after approximately two (2) hours into the test.  This constant solution concentration 

indicates that no whole-scale precipitation of boric acid or sodium phosphate was 

occurring during the test.  Rather, the precipitation quantity will be governed by the 

materials leached from the debris, although sodium and phosphorous are expected to 

co-precipitate in small quantities.  A summary of the boron, sodium, and phosphorous 

concentration during the test is provided in Figure D.2-10. 
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Figure D.2-10   Boron, Sodium, and Phosphorous Concentrations 
during Chemical Effects Test 

 
 

D.2.4.1.3 Calcium, Aluminum, and Silicon 

Based on industry experience with post-LOCA chemistry conditions, the most likely 

precipitates in the IRWST conditions are calcium phosphate, aluminum oxyhydroxide / 

hydroxide, and sodium aluminum silicate.  Therefore, the three primary chemical 

species monitored during the chemical effects test were calcium, aluminum, and silicon.  

It was expected that these species would slowly increase in concentration, as they 

leached from the debris materials, up until the solution saturation point was reached.  A 

graphical summary of the calcium, aluminum, and silicon concentration during the test is 

provided in Figure D.2-11. 
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Figure D.2-11  Graphical Summary of Calcium, Aluminum, and 
Silicon Concentrations during Chemical Effects Test 

 

The calcium concentration of the test solution was consistently at or below the detection 

/ quantification limit in the boron matrix, which was approximately 10 ppm (after 

accounting for dilution to reduce boron quenching of the matrix).  Only one data point 

exceeded 10 ppm, with a solution concentration of 11.3 ppm being measured after 

approximately 140 hours of exposure.  The calcium trend indicates that the material 

either leached relatively slowly from the debris sources or that the effective solubility 

limit was somewhat less than 10 ppm. 

Both aluminum and silicon behaved more in-line with expectations.  However, both 

species exhibited two distinct release rates.  Aluminum and silicon release was rapid 

during the first 24 hours of the test, followed by a slight increasing trend for the 

remainder of the 160-hour exposure.  The aluminum, in particular, appeared to reach a 

plateau after approximately 40 hours.  The initial rapid release of aluminum into solution 
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is the result of active corrosion of the aluminum coupon prior to the formation of a 

passive corrosion film.  After passivation, the corrosion and release rates of aluminum 

from the coupon decreased to a low steady-state value. 

As with aluminum, the silicon concentration of the test solution increased rapidly during 

approximately the first 24 hours of the test.  Afterward, the silicon concentration 

exhibited a slow upward trend.  The most likely source of the rapid initial dissolution of 

silicon is the Microtherm microporous insulation.  The physical form of the Microtherm 

resulted in an extremely large surface area being exposed to the test solution.  In 

addition, visual examination of the test vessel through the installed windows showed 

what appeared to be loose Microtherm suspended in the water column.  The likely result 

of these conditions would be a preferential dissolution of the amorphous silica from the 

Microtherm.  Microtherm ceased being a significant silicon source after approximately 

24 hours of exposure and the increasing silicon trend for the remainder of the test was 

the result of slow dissolution of silicon from the NUKON and concrete debris. 

D.2.4.1.4 Potassium and Magnesium 

In addition to the major chemical species, the potassium and magnesium 

concentrations in the test solution were also monitored during the chemical effects test.  

The primary purpose for monitoring these species was to gather information to interpret 

solution pH changes should they occur.  Because the solution pH remained relatively 

constant during the test, these data are not expected to be particularly significant. 

A modest amount of magnesium was detected in the test solution, presumably present 

as a trace constituent in the concrete and insulation materials.  In addition, a slow, but 

steady, release of potassium from the debris materials was also detected.  However, 

because of the large excess of sodium present in the solution, the potassium 

concentration did not affect the solution pH.  The potassium and magnesium 

concentrations are shown in Figure D.2-12. 
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Figure D.2-12  Potassium and Magnesium Concentration during 
Chemical Effects Test 

 

D.2.4.2 Post-Test Specimen Conditions 
 

D.2.4.2.1 Aluminum 

When removed from the autoclave, the aluminum coupon exhibited a dark oxide / 

deposit film, as shown in Figure D.2-13.  Prior to cleaning the oxide film from the 

coupon, SEM/EDS analysis of the surface was performed.  A sample micrograph and 

EDS spectrum are shown in Figure D.2-14.  The EDS spectrum of the coupon showed 

large aluminum and oxygen peaks, as expected.  However, peaks for sodium, silicon, 

phosphorous, and calcium were also present.  These peaks indicate that the coupon 

film contained traces of precipitates. 
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Figure D.2-13  Aluminum Coupon after Removal from Autoclave 
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Figure D.2-14  SEM Micrograph and EDS Spectrum of Post-Test 
Aluminum Coupon prior to Cleaning 
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After the initial SEM/EDS examination, the aluminum coupon was cleaned by scrubbing 

with a soft brush and Lava® soap, followed by ultrasonic cleaning in acetone and drying 

in an oven.  The cleaning was successful in removing the deposited material, leaving 

what appeared to be a passive aluminum oxide surface, as shown in Figure D.2-15.  No 

additional SEM/EDS analyses were performed on the cleaned coupon. 

Figure D.2-15  Aluminum Coupon after Cleaning 

 

D.2.4.2.2 Concrete 

The concrete coupon removed from the autoclave was scrubbed with a soft brush to 

remove excess particulate and dried in a vacuum oven prior to examination.  Low-

magnification examination of the coupon showed that the aggregate phases appeared 

to be mostly intact.  There appeared to be a slight preferential attack of the cement 

phase.  Photographs of the concrete sample after testing are provided in Figure D.2-16 

and Figure D.2-17. 
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Figure D.2-16  Concrete Coupon after Removal From Autoclave 

 
 

Figure D.2-17  Concrete Coupon after Test 
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D.2.4.2.3 Nukon  

The NUKON fibers recovered from the test vessel consisted of a compacted wet mass.  

After drying, the fibers were examined using optical microscopy and SEM/EDS.  Post-

test optical examination of the fibers at 100X magnification showed little change in the 

fibers, as seen in Figure D.2-18.  However, the SEM examination showed distinct 

changes in the fiber characteristics. 

The SEM examination of the NUKON fibers showed the presence of a deposited 

material coating and often bridging the glass fibers.  A close-up SEM micrograph view is 

shown in Figure D.2-19.  At higher magnification, the complete coating of the fibers is 

apparent, especially in backscattered electron (BSE) images.  BSE imaging is sensitive 

to elemental composition and phase differences, with the difference between the base 

fibers and outer coating becoming readily apparent.  See Figure D.2-20 and Figure 

D.2-21 for SEM and BSE high-resolution images. 

Figure D.2-18  Optical Micrograph of NUKON Fibers after Test 
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Figure D.2-19  SEM Micrograph of NUKON after Testing 
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Figure D.2-20  SEM Micrograph of NUKON Fibers Showing Bridging 
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Figure D.2-21  Backscattered Electron Image of NUKON Fibers after 
Testing 

 

To characterize the apparent coating on the NUKON fibers, EDS spectra were collected 

from a fiber core and coating regions.  Due to the electron and x-ray interaction volume, 

the elemental analysis will not be confined to only these phases.  However, these 

analyses provide a general assessment of the material composition. 

In general, the EDS spectra of the fiber core and coating indicate that the primary 

component of each is silicon, most likely present as silica.  Other elements are also 

present.  A high calcium peak was detected in the center of the fiber.  With the 

exception of calcium, the coating layer tended to show higher concentration of 

“contaminant” elements such are aluminum, sodium, and phosphorous, indicating that 

the coating most likely contains or was formed from precipitated materials. 

A quantitative EDS summary of the fiber and coating materials is provided in Table D.2-

6.  Images of the SEM micrographs and EDS spectra are provided in Figure D.2-2 and 

Figure D.2-23. 
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Table D.2-6  Comparison of NUKON Post-Test EDS Results 

Component Fiber Core Fiber Coating 

Oxygen 27.19 % 27.19 % 

Sodium 0.92 % 2.75 % 

Magnesium 0.55 % −−− 

Aluminum 1.13 % 4.73 % 

Silicon 57.77 % 56.56 % 

Calcium 18.45 % 3.73 % 

Phosphorous −−− 5.05 % 
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Figure D.2-22  NUKON Fiber Post-Test − EDS Location #1 
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Figure D.2-23  NUKON Fiber Post-Test − EDS Location #2 
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D.2.4.2.4 Microtherm       

The Microtherm insulation recovered from the autoclave test vessel was composed of 

two distinct phases.  The first was the fibers from the woven blanket containing the 

microporous particulate.  The second phase was the microporous particles, which had 

reduced to a mud-like coating on the support screen.  The quantity of material also 

suggested a significant loss of material to the solution during the testing, likely the result 

of both dissolution and dispersion of the fine particles in the water column.  A 

photograph of the Microtherm after testing is shown in Figure D.2-24.  
 

Figure D.2-24  Microtherm Insulation Recovered from the Autoclave 

 

After collecting the residual material and drying it in a laboratory oven, the material was 

examined using optical stereomicroscopy.  The optical images of dried material showed 

that the mud-like substance dried to a dark cake that covered the fibers.  At higher 

magnification, clear / white patches of deposit were also noted on the fibers.  Sample 

images from the optical microscope exam are provided in Figure D.2-25 and Figure 

D.2-26. 
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Figure D.2-25  Optical Micrograph of Microtherm after Testing − 
Overview 

               

Figure D.2-26  Close-up of Microtherm Showing Deposit 

 



AREVA NP Inc.  ANP-10293 
Revision 1 

U.S. EPR Design Features to Address GSI-191   
Technical Report Page D-36  
 

 

SEM/EDS analysis of the residual material showed the presence of two distinct phases, 

individual fibers covered with particulate.  Micrographs of the fiber and particulate are 

provided in Figure D.2-27 and Figure D.2-28.  An overview EDS spectrum of the 

particulate is provided in Figure 2-29.  As seen in the EDS spectrum, the primary 

constituents of the residual particulates are silicon and titanium, with traces of sodium, 

aluminum, and phosphorous.  Given the lack of a calcium peak, it appears that the 

phosphorous was likely the results of residual TSP that dried on the fibers.  

Figure D.2-27  SEM Micrograph of Microtherm Fibers after Testing 
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Figure D.2-28  SEM Micrograph of Microtherm Particulate after 
Testing 
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Figure D.2-29  EDS Spectrum of Microtherm Particulate after Testing 

 

Higher magnification SEM/EDS analysis of the particulate material clearly distinguishes 

between the silicon and titanium phases, as shown in Figure D.2-30 and Figure D.2-31.  

Additional analyses also indicate that the clear deposit noted during the optical 

microscope exam is likely dried boric acid. 
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Figure D.2-30  SEM Micrograph and EDS Spectra of Silicon Phase 
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Figure D.2-31  SEM Micrograph and EDS Spectra of Titanium Phase 
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D.2.4.2.5 Latent Debris 

A small amount of latent debris, composed of silica sand and sodium-form bentonite, 

was recovered from the autoclave following the test.  The material was collected, dried, 

and examined using an optical microscope.  Latent debris images are shown in Figure 

D.2-32 and Figure D.2-33. 

Figure D.2-32  Latent Debris Recovered after Testing 
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Figure D.2-33  Latent Debris − Close-up 

 
 

D.2.4.2.6 Suspended Particulate 

At the conclusion of the test, a quantity of suspended particulate material, either 

precipitates or entrained Microtherm, remained distributed on the autoclave internals 

and entrained in the final solution as observed in Figure D.2-34 and Figure D.2-35.   

After all of the debris materials had been removed from their support screens, the 

autoclave internals were rinsed into a catch basin to collect the residual material.  This 

rinse liquid and the final drained solution were filtered through 0.45 μm laboratory filters 

to collect the particulate material.  The composition of the recovered material was 

compared with suspended particulate that was filtered from two samples collected 

during the test. 
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Figure D.2-34  Autoclave Internals after Testing 
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Figure D.2-35  Final Solution from Test 

 

A micrograph and EDS spectra of a particulate sample collected during the test can be 

found in Figure D.2-36, Figure D.2-37, and Figure D.2-38.  The results of a second 

sample may be found in Figure D.2-39.  The results of these analyses indicate that the 

suspended material in the autoclave during the test was primarily composed of silicon, 

presumably silicates, with distributed particles rich in titanium, presumably from the 

Microtherm insulation.  Varying amounts of other materials, including sodium, 

aluminum, and phosphorous, potentially from precipitation, were also present. 
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